H
ead and neck cancer is a common malignancy that affects Ϸ40,000 new patients in the United States each year (1) . Despite advances in therapy, which have improved quality of life, survival rates have remained static for many years. Mortality from this disease remains high because of the development of distant metastases and the emergence of therapy-resistant local and regional recurrences. It is therefore essential that we develop a deeper understanding of the biology of this disease to develop more effective therapies.
Epithelial tumors, including head and neck squamous cell carcinoma (HNSCC), contain cellular heterogeneity, some of which is accounted for by ongoing mutations that occur because of genetic instability and environmental factors (2, 3) . More recently, it has been hypothesized that functional heterogeneity may account for the fact that not all of the cancer cells in solid tumors have a similar ability to drive tumor formation (4, 5) . This observation has led to the cancer stem cell (CSC) hypothesis, which suggests that a tumor can be viewed as an aberrant organ that is sustained, in a way similar to normal tissues, by a stem cell that drives tumorigenesis, as well as giving rise to a large population of differentiated progeny that make up the bulk of the tumor but that lack tumorigenic potential. In support of this hypothesis, recent studies have shown that, similar to leukemia and other hematologic malignancies (6-10), tumorigenic and nontumorigenic populations of breast cancer cells can be isolated based on their expression of cell-surface markers. In many cases of breast cancer, only a small subpopulation of cells had the ability to form new tumors (11, 12) . This work strongly supports the existence of CSC in breast cancer. Further evidence for the existence of CSCs occurring in solid tumors has been found in CNS malignancies. By using culture techniques similar to those used to culture normal neuronal stem cells, it has been shown that CNS malignancies contain a small population of cancer cells that are clonogenic in vitro and initiate tumors in vivo, whereas the remaining cells in the tumor do not have these properties (13) (14) (15) (16) .
Using methods successfully used to identify CSCs in breast cancer, we studied HNSCC. In this study, we show that HNSCC contains a distinct population of cancer cells with the exclusive ability to produce tumors in mice and recreate the original tumor heterogeneity. We have identified a cell-surface marker that can enrich for this cell population and have provided evidence that this population possesses properties classically attributed to stem cells. We have also identified a gene previously implicated in self-renewal and tumorigenesis, BMI1 (17) (18) (19) (20) (21) , which is differentially expressed at both the RNA and protein levels in the tumorigenic cell population and in tissue sections, defines microdomains of CSCs that are membrane CD44 ϩ and nuclear BMI1 ϩ . This finding both provides insight into the possible molecular mechanisms mediating the self-renewal of these cells and demonstrating the value of identifying the CSC population in primary tumors to further characterize these cells at the molecular level and thus develop new treatment strategies targeted against this critical population of cancer cells.
Results
A mouse xenograft model of HNSCC was developed in which primary specimens obtained from patients undergoing surgical resection were implanted under the skin of immunocompromised mice, either nonobese diabetic/severe combined immunodeficient (NOD/SCID) (22) or Rag2/cytokine receptor com-mon ␥-chain double knockout (Rag2␥DKO) (23) , either as small (Ͻ2 mm) pieces of tumor or as cell suspensions in matrigel, ranging from 1-5 million total cells per injection. Of 25 samples of HNSCC tumors implanted in this way, 13 have given rise to tumors in the mice [9 of 16 at University of Michigan (UM), 4 of 9 at Stanford University (SU)]. Both the NOD/SCID (UM) and Rag2␥DKO (SU) mouse model gave similar rates of tumor engraftment. These results indicate that either animal model is reliable. When solid tumor pieces were implanted into the mice, a small tumor nodule was evident in 6-10 weeks, on average, and reached a size of 1-1.4 cm in 4-6 months, on average. Single-cell suspensions produced small tumor nodules in 8-12 weeks, depending on the number of cells injected. For a comparison of the histology of tumors arising in mice with the original patient samples, see [supporting information (SI) Fig. 6 .]
Of the tumor specimens that grew in mice, nine (seven from UM; UM 1, 2, 3, 4, 5, 6, and 7 and two from SU; SU1 and 2) were subjected to flow cytometry on cells obtained either immediately after removal from the patient (UM 3, 5, 6, and 7), or from tumors arising in the immunodeficient mice (UM1, 2, and 4 and SU1 and 2) to obtain purified populations of tumor cells for further transplants. It was not possible to use cells obtained directly from patient samples in all cases, because the specimens obtained from the clinic were frequently too small to obtain sufficient numbers of cells for these experiments. These nine subjects ranged in age from 22-72 years old. Three tumor specimens were harvested from the tongue, two each from the larynx and floor of mouth, and one each from the oropharynx and maxillary sinus. Three subjects had undergone previous treatment for their cancer Ͼ1 year before this study (UM3, 4, and 6). The degree of differentiation, evaluated by histologic architecture, varied from poorly to well differentiated (SI Table 2 ). Flow cytometry analysis revealed that the HNSCC specimens were heterogeneous with respect to the cell-surface marker CD44 (Fig. 1 ). Antigens associated with normal cell types (lineage markers CD2, CD3, CD10, CD18, CD31, CD64, and CD140b) were not expressed on the cancer cells. These lineage markers were used to eliminate ''lineage (Lin) ϩ cells'', including normal leukocytes, fibroblasts, endothelial, and mesothelial cells (Lin ϩ ) from the tumor specimens during the cell-sorting experiments. In passaged tumors, mouse anti-H 2 K antibodies were used to eliminate contaminating mouse cells. In each tumor, a distinct population of CD44 ϩ and CD44
Ϫ cancer cells was identifiable. Importantly, similar results were obtained from tumors that had been passaged once through mice before sorting as from tumors analyzed directly from patients, indicating that a single passage did not significantly affect the expression of this marker. Single-cell suspensions of FACS-purified CD44 ϩ Lin Ϫ and CD44 Ϫ Lin Ϫ cells at different doses were implanted into the mouse model to determine whether CD44 status could distinguish between tumorigenic and nontumorigenic cells (Table 1) .
Initial data from UM using large numbers of implanted cells indicated that CD44 ϩ cells could form tumors, whereas CD44 Ϫ cells could not. Similarly, initial data from SU indicated that, at UMHN samples were all grown in NOD/SCID mice. SUHN samples were all grown in Rag␥DKO mice. *Samples that were passaged once through mice before sorting for CD44 ϩ and CD44 Ϫ populations. † Samples that were directly sorted from patient samples for CD44 ϩ and CD44 Ϫ populations.
equivalent doses of cells, CD44
ϩ cells initiated tumor growth much more efficiently than CD44 Ϫ cells. In subsequent experiments, larger numbers of CD44 Ϫ cells were injected than CD44 ϩ cells, on the assumption that this would increase the likelihood of detecting any tumor-initiating cells that may be present, but rare, within the CD44 Ϫ population. In all cases, the number of cells injected, the range of cell doses, and the number of mice injected with each dose was severely limited by the number of cells that could be sorted from primary and first-passage tumors.
In the tumors analyzed in this study, a total of 20 of 31 injections of CD44 ϩ cells formed tumors, whereas only 1 of 40 injections of CD44 Ϫ cells did so (P Ͻ 6 ϫ 10 Ϫ9 , Fisher's exact test). As few as 5 ϫ 10 3 CD44
ϩ Lin Ϫ cells obtained directly from a patient's tumor or from early-passage xenograft tumors gave rise to new tumors (Table 1 Ϫ population with a small number of CD44 ϩ cells, further indicated by the fact that the tumor in question was Ϸ3-fold smaller than the tumor initiated by an equivalent dose of CD44 ϩ cells. In all other experiments, cells were double-sorted, yielding a population purity of Ͼ95% (data not shown). Even after Ͼ24-48 weeks, CD44 Ϫ Lin Ϫ injection sites revealed no detectable tumor growth. Implanted Lin ϩ cells did not grow any tumors in the mouse model.
Tumors resulting from implanted CD44 ϩ cells showed the original tumor morphology upon histologic examination (Fig. 2) ϩ Lin Ϫ cells from UM2 and SU1 (Fig. 3) have been passaged through three rounds of tumor formation in mice. CD44
Ϫ Lin Ϫ cells selected from passaged tumors never resulted in new tumor formation. Analysis of the passaged tumors by flow cytometry, after each successive sort and implantation, confirmed that the resulting tumors again contained both CD44 ϩ and CD44 Ϫ cells. In addition to the nine tumor samples described above, additional tumors (those that did not take in the mouse model and those that were too small to provide sufficient cell numbers for the xenograft experiments) were analyzed by flow cytometry and immunohistochemistry (IHC) for CD44 expression (SI Table 3 and Fig. 4 ). The majority of HNSCC contain a subpopulation of CD44 ϩ cells, with the percentage of CD44
ϩ Lin Ϫ cells in the tumors varying from 0.1-41.72%, n ϭ 33 (SI Table 3 ). Nine of 33 samples analyzed had Ͻ1% of the cells expressing CD44. IHC for CD44 was performed to determine the physical location of the tumorigenic population of cells within the tumor. In the case of moderately to well differentiated HNSCC samples, where a clear hierarchy of cell differentiation is present within the tumor (i.e., primitive basal layer cells and cells with the phenotype of differentiating keratinocytes), CD44 expression was detected in the basal layer but not in the differentiated cells (Fig. 4) . To confirm that the basal cell layer represented undifferentiated cells, serial sections were stained with an antibody to Cytokeratin 5/14 (CK5/14), a marker of normal squamous epithelial stem and progenitor cells (24) , or with an antibody to Involucrin, a differentiated keratinocyte marker (25) . It was found that CD44 costained with CK5/14, whereas CD44 and Involucrin staining were mutually exclusive. It was also clear on these sections that the Involucrin ϩ CD44 Ϫ cells in these tumors retained the differentiated phenotype of mature or maturing squamous epithelium, whereas the Involucrin Ϫ CD44 ϩ cells have a basaloid phenotype. The latter data were confirmed on four moderately to well differentiated primary patient tumors (see SI Fig. 7) .
We then decided to investigate the properties of the CD44 ϩ versus CD44 Ϫ populations of cells at the level of gene expression. CD44
ϩ Lin Ϫ and CD44 Ϫ Lin Ϫ cells were sorted for RNA purification, and quantitative RT-PCR was performed for a variety of stem cell-related genes. In three primary patient samples, it was found that BMI1 was expressed at high levels compared with (Fig. 5) . These samples represented one well differentiated, one moderately to well differentiated, and one poorly differentiated sample, respectively. Expression of ␤-actin was used as a control for RNA quality, and the data are shown relative to ␤-actin expression. We then performed immunofluorescent costaining for CD44 and BMI1 on tissue sections and found that the BMI1 protein was present in the nuclei of the CD44 ϩ cells of the tumors, with staining appearing strongest in the most basal regions, decreasing with distance from the basal region, and absent or rarely seen in the CD44 Ϫ regions of the tumors. This result was obtained for four different well or moderately to well differentiated primary patient samples that were analyzed in this way (Fig. 5) . In poorly differentiated tumors, costaining between CD44 and BMI1 was also observed, even in the absence of the distinct tissue architecture that is seen in well differentiated tumors (see SI Fig. 8 ).
Discussion
The CSC hypothesis suggests that only the CSC within the tumor can self-renew and proliferate extensively to form new tumors. It has been demonstrated for several different types of cancer that a distinct subset of cells initiates tumors in vivo, whereas the remaining cells do not (7, 11, 16) . Further evidence for the CSC hypothesis comes from clinical observations, where tumors often respond to chemotherapy initially, but frequently recur, suggesting that residual stem cells remaining after therapy are responsible for tumor regeneration. In HNSCC, as in other cancers, characterization of CSCs will allow for the development of new treatments that are specifically targeted against this critical population of cells, particularly their ability to self-renew, resulting in more effective therapies.
In this study, we have provided evidence for the existence of a developmental hierarchy within human HNSCC; that is, HNSCC contain a subpopulation of tumorigenic cancer cells with both self-renewal and differentiation capacity.
Our initial finding was that all tumorigenic potential was contained within the CD44 ϩ Lin Ϫ population of HNSCC. The ability to initiate tumor growth with cell doses ranging from 5,000 to 20,000 of these cells, combined with the need to inject at least 1 ϫ 10 6 cells to obtain tumors from whole tumor-cell suspensions, and the lack of tumor formation by CD44 Ϫ Lin Ϫ cells at much higher cell doses, provided the strongest evidence that the CD44 ϩ Lin Ϫ population contains the HNSCC stem cell population. Although the CD44 ϩ population is clearly significantly enriched for the CSC in these tumors, the cell doses required to initiate tumors indicate that it may not be pure. We were unable to precisely estimate the CSC frequency within this population because of the difficulties imposed by limited sample size and the robustness of the mouse model. It still remains to further fractionate the CD44 ϩ population to further purify the CSC.
Upon reanalysis of tumors arising from the transplantation of purified CD44 ϩ cells, both CD44 ϩ and CD44 Ϫ cells were again present, and serial transplants demonstrate that, with each tumor passage, only CD44 ϩ Lin Ϫ and not the CD44 Ϫ Lin Ϫ cells can initiate a new tumor. It was observed in the small number of samples for which serial transplants were performed that there was a decrease in the proportion of CD44 ϩ cells in the secondary mice compared with the initial patient sample and the primary mice. This difference may be accounted for by the different time points at which the animals were killed; the secondary tumor was allowed to grow larger, over a longer period, than the primary. Alternatively, the decrease in the percentage of CD44 over serial transplant may suggest a loss of self-renewal activity of the putative stem cell population. However, the tertiary mouse from SU1 contained 13.8% CD44 ϩ cells (data not shown), and thus a further decrease between secondary (10.2% CD44 ϩ ) and tertiary recipients did not occur. Furthermore, calculations demonstrate that, even when the %CD44 ϩ cells is decreased from one tumor to the next, an overall expansion of the CD44 ϩ cells occurs in these mice. For example, the SU1 secondary mouse was injected with 25,000 CD44 ϩ cells from the primary tumor, and, based on the total number of cells recovered from the tumor, 400,000 CD44 ϩ Lin Ϫ cells were present in the secondary tumor, indicating at least a 16-fold expansion. Thus, over multiple transplants, even with the variation in the proportion of CD44 ϩ cells present, a large expansion of the CD44 ϩ population occurs. The cause of the variation in the percentage of CD44 ϩ cells over serial transplant remains to be determined. Additional variables, such as differences in the degree of tumor dissociation from one day to the next, may be involved. Although we have not obtained direct evidence for self-renewal by clonal analysis, the exclusive ability of the CD44 ϩ population to serially transplant tumors provides strong evidence that self-renewal is a property of at least some fraction of the CD44 ϩ population.
Further evidence for a developmental hierarchy in HNSCC comes from the histology and IHC studies done on moderately to well differentiated tumors. First, the tumors demonstrate cytologic and architectural features similar to normal squamous epithelium, including differentiation from a basal layer toward an apical layer containing cells with mature squamous morphology and the formation of keratin (keratin pearls were often present). Second, CD44 clearly stains regions of the tumors that have basal cell morphology and that costain with the basal layer marker CK5/14. Finally, the differentiation marker Involucrin stains the regions of the tumor that are negative for CD44, and vice versa. One caveat to this is that such an analysis is not possible to perform in poorly differentiated tumors in which there is not a distinct tissue architecture corresponding to a basal layer giving rise to differentiated cells. In these tumors, IHC demonstrates a more random distribution of CD44 ϩ cells. However, the consistent restriction of tumorigenicity to the CD44 ϩ population and the reappearance of both CD44 ϩ and CD44
Ϫ cells in tumors derived from purified CD44 ϩ cells indicates that a hierarchy remains, but that differentiation in these tumors has likely been blocked at an earlier stage. Finally, quantitative RT-PCR combined with immunofluorescent staining of tumor sections indicates that the tumorigenic population of cells differentially expresses the gene BMI1. BMI1 has been shown to play a role in the self-renewal of hematopoietic and neuronal stem cells (20, 26) and is considered to be a stem cell-related gene. BMI1 has also been implicated in tumorigenesis, primarily in leukemias (17) , but also in several human cancers, including colorectal carcinoma, liver carcinomas, and non-small-cell lung cancer (21) . The finding that BMI1 is differentially expressed in the tumorigenic population of HNSCC suggests a potential functional role for BMI1 in this tumor, a possibility that remains to be investigated. The combination of CD44 ϩ staining at the cell membrane and BMI1 staining in the nucleus allows the definition of HNSCC CSC microdomains in the primary tumor and may be useful in the diagnosis of HNSCC in primary sites as well as cells in lymph nodes or distant metastases.
In summary, we have demonstrated that, in HNSCC, there exists a developmental hierarchy, including a population of cells that possess the properties of CSCs. This population can be enriched by selecting for cells that express the cell-surface marker CD44. It is not yet known whether these cells are CSCs at the developmental stage of normal oral squamous epithelium stem cells or progenitors, because the developmental lineages in these tissues are not yet defined.
In addition to the significance of this work to the study of HNSCC, our findings have implications for the field of cancer biology in general. First, this is the second epithelial tumor in which CD44 has been identified as a key cell-surface marker of CSC (breast cancer being the first), suggesting that CD44 is likely to be an important marker for the identification of CSCs in other tumors of epithelial origin. This is perhaps not surprising because, although the differentiation of most stem cells is likely restricted to the organ in which they reside (27) (28) (29) , similarities in the organization of epithelial tissues suggest that similarities in their respective stem cells may exist. Second, we demonstrate that genes with potentially important biological activities can be identified that are differentially expressed between subpopulations of tumor cells, thus emphasizing the importance of identifying and isolating the appropriate subpopulations of tumor cells before performing large-scale gene-expression and proteomic analyses. Because the CSCs typically make up a small fraction (10% or less) of the tumor cells, and the genes of interest may be expressed at low levels (e.g., transcription factors), analyses of whole tumors may not detect the most important molecular players in the etiology and pathology of cancer.
Materials and Methods
After obtaining informed consent, tumors were obtained from subjects at either the UM or SU hospitals. Animal care and experimental protocols were performed in accordance with procedures and guidelines established by the UM and SU Administrative Panels for Lab Animal Care. Experiments at UM used NOD/SCID mice, and experiments at SU used Rag2␥DKO mice.
Primary Tumor Implantation. NOD/SCID (UM) or Rag2␥DKO (SU) mice were anesthetized with ketamine/xylazine, and, once the mice were asleep, an Ϸ3-mm incision was made, and small pieces (Ͻ2 mm) of fresh tumor were implanted on both sides of the flank. Tumors were pinched into their final position, and the incision was sealed with a liquid adhesive suture or a surgical staple.
Tumor Digestion. Tumors were cut into small fragments, further minced with a sterile scalpel, and then placed in a solution of Media 199 and 200 units/ml Collagenase III. The mixture was incubated at 37°C for up to 3 h to allow complete digestion. Every 15 min, the solution was mixed through a 10-ml pipette to encourage dissociation. Cells were filtered through 40-m nylon mesh and washed twice with HBSS/2% Heat Inactivated Calf Serum (HICS), then stained for flow cytometry or injected into mice as whole-tumor single-cell suspensions. Flow Cytometry. The single-cell suspensions were washed in HBSS/2% HICS and counted and then resuspended in 100 l per 10 6 cells of HBSS and incubated with 1 mg/ml Sandoglobin for 10 min. The suspensions were then washed with HBSS/2% HICS, resuspended in 100 l per 10 6 cells of HBSS, and stained with antibodies. Anti-CD44 (Pharred, phycoerythrin (PE)-, or allophycocyanin (APC)-conjugated, clone G44-26; BD Pharmingen) was used at a 1:50 dilution; lineage markers anti-CD2, CD3, CD10, CD16, CD18, CD31, CD64, and CD140b (all diluted 1:50; BD Pharmingen) were used to allow identification of contaminating nontumor cells from patient samples. Tumors that had been passaged in the mouse were incubated with anti-H2k d or H2k b (diluted 1:100; BD Pharmingen). Antibodies were directly conjugated to various fluorochromes, or unconjugated and detected with secondary antibodies, depending on the experiment. Stained cells were washed and resuspended at 0.5 ml per 10 6 cells with 7-aminoactinomycin (7-AAD; BD Pharmingen) or propidium iodide to allow exclusion of nonviable cells. Cells were sorted with a BD FACSVantage flow cytometer.
IHC and Immunofluorescence. Upon receipt of a tumor specimen, a small piece was kept aside and frozen in optimal cutting temperature (OCT) embedding media. Seven-micron sections were cut, fixed in ice-cold acetone for 5 min, and air-dried. Slides were then rinsed in PBS/0.1% Tween 20, and blocked in PBS with 0.5% BSA and, in the case of IHC, 0.3% hydrogen peroxide, and 0.1% sodium azide. For CD44 staining, 20 g/ml of mouse IgG was added to the blocking solution. For CK5/14, Involucrin, and BMI1, 5% goat serum was added to the blocking solution. Sections were incubated in blocking solution at room temperature (RT) for 30 min. Sections were then incubated with the primary antibody diluted in PBS with 0.5% BSA for 30 min at RT. For BMI1, sections were incubated overnight at 4°C. For CD44 staining, biotinylated clone G44-26 (Pharmingen) was used at a dilution of 1:50. For CK5/14, unconjugated clone LH8 (Abcam, Cambridge, U.K.) was used at a dilution of 1:100. For Involucrin, unconjugated clone SY5 (Abcam) was used at a dilution of 1:200. For BMI1, unconjugated clone 1.T.21 (Abcam) was used at a dilution of 1:100. The slides were then washed twice in PBS with 0.1% Tween 20 for 5 min each. A secondary incubation of 30 min at RT was then performed with 1:1,000 Avidin-HRP (Pharmingen) or 1:400 Avidin-Alexa Fluor 488 (Molecular Probes, Eugene, OR), 1:200 biotinylated goat anti-mouse IgM (Jackson ImmunoResearch, West Grove, PA), or biotinylated 1:1,000 goat anti-mouse IgG (Jackson ImmunoResearch), or 1:200 goat anti-mouse IgG-Alexa Fluor 594, for CD44, CK5/14, Involucrin, and BMI1, respectively. Slides were again washed, and for CK5/14 and Involucrin, a tertiary incubation with Avidin-HRP was performed. The sections were then incubated with 3,3Ј-diaminobenzidine (DAB), as directed by the manufacturer (peroxidase substrate kit; Vector Laboratories, Burlingame, CA), counterstained with hematoxylin, dehydrated, and coverslipped with histomount for IHC. For immunofluorescence, double staining was done sequentially as follows: blocking, unconjugated BMI1, goat anti-mouse Alexa Fluor 594, CD44-biotin, and AvidinAlexa Fluor 488. Slides were then immersed in 1:1,000 Hoechst 33342 (Invitrogen, Carlsbad, CA) for 1 min, rinsed in PBS/0.1% Tween 20, and coverslipped with Fluoromount G (Southern Biotech, Birmingham, AL).
Quantitative RT-PCR. Sorted cells were pelleted, resuspended in 1 ml of TRIzol (Invitrogen), and incubated on ice for 10 min. Two microliters of linear acrylamide (Ambion, Austin. TX) were added and mixed, and RNA was purified by standard techniques. cDNA was then synthesized by using the SuperScript DoubleStranded cDNA Synthesis Kit (Invitrogen), as directed by the manufacturer. cDNA was diluted to give 200 cell equivalents per microliter. For quantitative PCR, TaqMan gene expression assays (Applied Biosystems, Foster City, CA) were used, which contain prevalidated primers and TaqMan probes for the individual genes in question. Specifically, for human BMI1 and the ␤-actin control, Applied Biosystems product numbers Hs00180411m1 and 4333762, respectively, were used. The sequence of these commercially available TaqMan primers and probes is not provided by the manufacturer. PCR was performed as instructed by the manufacturer, in triplicate, on an ABI 7500 real-time PCR system (Applied Biosystems). cDNA isolated from undifferentiated human embryonic stem cells was used as a positive control, and gene expression was normalized to ␤-actin expression.
